Proceedings of the

Annual Stability Conference
Structural Stability Research Council
Atlanta, Georgia, April 21-24, 2026

Distributed measurement of thermal behavior in metal roof panels under
high diurnal temperature conditions

Malik Umer Farooq', Hyeyoung Koh?

Abstract

High heat events such as heatwaves amplify diurnal temperature variations compared to typical hot
days, resulting in more rapid and repeated heating-cooling cycles. These cycles induce recurrent
thermal movement in structural components, contributing to cumulative deformation and raising
long-term stability concerns. Large diurnal swings also lead to nonuniform temperature fields,
which complicate design and performance assessment. However, current steel design practices
often overlook the transient and cyclic nature of diurnal thermal effects, even as structures are
increasingly exposed to extreme heat. It is therefore important to understand how these temperature
fields evolve and interact with structural responses during such events.

This study investigated the thermal fatigue response of metal roof systems under real-world heat
conditions in Eastern Washington, where extreme heat events are becoming more frequent and
intense. Corrugated metal roof decks, commonly subjected to thermal expansion and contraction,
were installed outdoors to capture natural diurnal heat loading. Distributed fiber optic sensors for
temperature and strain were installed along 12-ft simply supported span decks to record time- and
space-varying thermal stresses. The resulting experimental data were used to develop nonuniform
temperature fields that characterize the magnitude and temporal evolution of thermal cycles. The
major findings of this experimental work demonstrated that the temperature and corresponding
stress fields are nonuniform, and that strain gradients exist between the top surface (exposed to
sunlight) and the bottom surface (shaded from sunlight). These results enhance understanding of
the influence of thermally induced stress distributions in steel component behavior. The findings
suggest that thermal effects may merit consideration in design and could be related to long-term
stability risks for steel structures subjected to thermal demands.

1 Introduction

Metal roofs are widely used in industrial warehouses and in sports arenas, because of their high
strength-to-weight ratio and suitability for long spans (Wang et al., 2022). In the United States,
nearly 65% of newly constructed low-rise buildings which require long span such as industrial
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complexes, sports stadiums and aircraft hangers use metal roofing systems (Dabral and Ewing,
n.d.). These systems typically employ thin-gauge steel panels that are directly exposed to solar
radiation, which make them highly susceptible to substantial temperature fluctuations. Prolonged
solar exposure produces uneven temperature fields (Wang et al., 2025). This leads to repetitive
expansion and contraction cycles. Over time, these thermal cycles can weaken stability and re-
duce material durability (Xu et al., 2020). Because roof systems are essential in building safety,
durability, and resilience, particularly under intensifying, their thermal performance requires de-
tailed study (Liu et al., 2025). A growing volume of research highlights the significant thermal
effects experienced by metal roofs during extreme heat events. Many studies have focused on as-
sessing the effect of on roof metals. For example, in continuously welded stainless steel roof, a
1 C temperature increase can raise maximum stress by 2.25 MPa and displacement by 0.02 mm,
respectively (Chong et al., 2025). Long-term exposure to the sun, excellent thermal conductivity of
steel and its direct exposure to the sun, temperature fields vary markedly across roof surfaces (Zhou
et al., 2020). Such variations become most pronounced during the afternoon peak, when temper-
ature differences can exceed 20 C under various weather conditions (Wang et al., 2023a). Even
small temperature gradients can induce nonuniform stress distributions that result in microcrack
formation in large-span steel structures (Xu et al., 2020).

Despite these observations, traditional steel testing often assumes steady-state temperature con-
ditions, which neglects transient and cyclic thermal loads experienced during high temperatures.
(Viljoen and Hugo, 2024). Recent experimental work has shown that stainless steel roof panels
can experience temperature differences of over 34.3 C relative to ambient temperature, with incli-
nation angle significantly affecting temperature distribution (Wang et al., 2023b). However, most
existing studies focus on stainless steel or continuously welded stainless steel roof systems. In
contrast, the behavior of purlin bearing rib (PBR) panels, widely used in metal roofing due to their
strong interpanel lapping and enhanced structural performance, remains insufficiently explored un-
der high temperatures. To address this gap, this paper presents an assessment of time-varying and
nonuniform temperature field of PBR roof panels subjected to high temperatures. An experimental
investigation was conducted using distributed fiber optic sensing (DFOS) to monitor temperature
and strain along the full length of a PBR panel exposed to solar radiation. Unlike traditional
sensors that provide discrete measurements, DFOS offers distributed data, enabling detailed evalu-
ation of temperature field evolution along the fiber. Measurements were collected under three solar
exposure scenarios to characterize diurnal thermal behavior across the panel’s clear span. The re-
sults provide new insights into the temperature field development in PBR roofs and contribute to
understanding the growing impacts of high temperatures on steel roofing systems.

2 Test Setup

2.1 Test Specimen

A purlin bearing ribs (PBR) panel was tested in this study. PBR panels incorporate a ribbed design
with a purlin bearing leg that increases roof strength by providing full bearing at the panel overlaps.
This configuration improves load-bearing capacity and offeres advantages in installation efficiency.
PBR panels are fastened directly to purlins, similar to ribbed (R) panels; however, the extended leg
provides additional support to the overlapping ribs, which makes them more advantageous than
R panels. Other profiles, such as standing seam panels, are installed using floating systems (e.g.,
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two-piece or sliding clips), which require more complex installation and therefore increase overall
cost. The simplicity of PBR panel construction makes them cost-effective for large-scale projects.
Fig. 1 illustrates the cross-section of the specimen, where the ribs are spaced 12 inches apart and
rise ; inches.
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Figure 1: PBR panel profile (Courtesy of ASC building production)

2.2 Distributed Fiber Optic Sensing

Distributed fiber optic sensing (DFOS) offers significant advantages over traditional sensors due to
their ability to provide distributed measurements throughout the fiber length (Roman et al., 2020).
Additionally, their capability to provide continuous, distributed measurements has significantly
contributed to their growing adoption in monitoring the health and integrity of civil infrastructure
(Yang et al., 2019). DFOS systems utilizes inhomogeneities within the fiber optic cables to measure
small changes along the length of the fiber to capture induced strains (Lu et al., 2019). The fiber
optic sensing method used to analyze strain and temperature in the steel deck is Rayleigh OFDR.
Rayleigh OFDR uses a swept-frequency laser pulse to generate an interference pattern from the
back scattered light which is analyzed to return location and strain information along a fiber optic
cable (Ma et al., 2022). Distributed temperature measurements obtained from DFOS are based
on Rayleigh scattering in a single-mode optical fiber. Rayleigh scattering originates when light
interacts with inhomogeneities in a continuum of matter, dimensions of continuum of matter are
smaller than the wavelength of light. Change in temperature induce variations in both the refractive
index and the physical length of the optical fiber, resulting in measurable shifts in the Rayleigh back
scattered spectra. Change in temperature is determined by using spectral shift technique (Roman
et al., 2020). The ODiSI 7100 Rayleigh OFDR system manufactured by LUNA Innovations was
used to measure temperature and strain simultaneously. Fiber sensors were installed along the
clear span of the roof to provide the continuous measurements. Gauge length of system was 1.3
mm with a sampling rate of 6.25 Hz. In this system, the gauge length is defined as the smallest
spatial interval over which strain or temperature values are measured.



2.3 Instrumentation

A 22-gauge PBR panel (3 ft by 16 ft) was used for the experimental work and was fastened to
lumber using screws to ensure stability, as illustrated in Fig. 2a. A clear span of 12 ft was used to
evaluate the effect of varying temperature on the roof panel. The blue and red lines represent the
strain and temperature sensors, respectively, as shown in Fig. 2b.
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Figure 2: Instrumentation and panel details: (a) Test setup; (b) deck configurations, including fiber optic cable layout
diagram.

Fig. 3 shows the installation of sensors on the roof panel. Prior to installing the fiber optic sensor,
the roof panel surface was cleaned with acetone. The sensors were bonded to the roof panel
using adhesive, and a continuous layer of silicone was applied along the sensor length to protect
them. Strain sensors were installed on both the top and bottom surfaces of the roof panel, while
a temperature sensor was installed on the top surface to monitor temperature variation along the
clear span. The sensors were connected to a remote module, which was then connected to the
interrogator for data acquisition. Strain and temperature measurements were collected from the
corresponding sensors throughout the test.

Figure 3: Sensor layout for roof panel
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